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ABSTRACT: In this work, we present an analysis of a series of helicene
molecules to determine the driving forces for their large specific rotation,
[α]ω, and probe the effects of functionalization. The analysis is done in
the configuration space of the molecular orbitals (MOs), and it allows us
to decompose [α]ω into the component transition electric and magnetic
dipoles from single MO excitations. We find that [α]ω for helicene
molecules may be described by three sets of transitions based on the
orientation of the magnetic dipole with respect to the helical axis:
parallel, orthogonal, or tilted. The transitions with the magnetic dipole parallel to the helical axis, corresponding to a delocalized
motion of the electron along the body of the helix, provide the largest contributions and determine the sign and magnitude of
[α]ω. Functionalization has a complex effect on [α]ω, which is dependent on the number of substituent groups and their
electron directing strength. Furthermore, we test the [α]ω decomposition analysis using localized MOs (Boys and Pipek−
Mezey). We show that localization schemes may be useful to simplify the interpretation of the [α]ω decomposition, but they are
best used when the electronic transitions involve relatively small chromophoric groups.

1. INTRODUCTION
The study of optically active molecules is of continuous
interest because of the fundamental role chiral molecules play
in living organisms, as building blocks of life (i.e., L-amino acids
and D-sugars) as well as drugs.1 Given the homochiral nature of
biological compounds, the correct determination of the
absolute configuration is paramount, for instance, for the
synthesis of natural products with favorable biological activity.
Chiroptical spectroscopy and theoretical simulations have been
very successful at this task, and they have become an essential
tool in the pharmaceutical industry. This work focuses on the
oldest of these measurements, that of the specific rotation
[α]ω, whose sign is directly related to the absolute
configuration of a particular enantiomer. The accurate
calculation of [α]ω is difficult as this property is very sensitive
to the molecular structure and the interaction with the
environment. Nevertheless, great progress has been made over
the past two decades, including the use of modern density
functional theory (DFT) and coupled cluster methods.2−17

Despite this progress, a chemically intuitive understanding of
the relationship between the absolute configuration of a chiral
molecule and the [α]ω sign and magnitude is still lacking.
Various groups have developed models to determine
structure−property relationships. For instance, Autschbach
and co-workers performed a decomposition of [α]ω via
localized orbital contributions to the diagonal elements of
the Rosenfeld tensor. This work showed that the large [α]ω of
(1S,4S)-norbornenone is due to electron delocalization
between the CO and CC chromophores.18 Kahr and
co-workers extended the analysis of optical activity to include
nonchiral molecules through a simple and effective Hückel
theory decomposition.19,20 Wiberg examined the effect on [α]ω
of the rotation of the torsional angle of terminally substituted

1,4-pentadiene (CC to CX interactions, where X = C, O,
NH, and S) and found a dependence on the electronegativity
of X.21,22 We have also introduced a method of decomposing
[α]ω in terms of transition electric and magnetic dipole
contributions, called the S̃k method (discussed in Section
2).23,24 We showed that a limited number of orbital transitions
can be used to describe [α]ω for molecules with strong
chromophoric groups23 and that changes in [α]ω due to
conformational flexibility are dominated by a small number of
transitions,24 thus simplifying the interpretation of the
structure−property relationship.
In this work, we apply the S̃k analysis to a series of standard

and functionalized helicenes of various lengths. These
molecules are composed of a series of fused phenyl rings and
have been studied extensively both computationally and
experimentally.25 They are known for their intense chiroptical
response,26 nonlinear optical activity,27,28 and self-assembly.25

They have also garnered interest as redox-active chiral
switches29,30 and have been functionalized extensively to
modulate their optical properties.31 The Avarvari group
created many helicene derivatives to investigate the effect of
functionalization on its electronic properties.31 Crassous and
co-workers successfully synthesized novel organometallic
helicenes31−35 and showed that the electronic circular
dichroism (ECD) spectrum reversibly switches under redox
stimuli.29,30 Autschbach and co-workers performed theoretical
simulations of ECD and UV/vis absorption spectra of these
organometallic helicenes to elucidate the role of charge-
transfer excitations in the redox switching mechanism.36−40
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Nakai, Mori, and Inoue also studied the ECD spectra of
helicenes and analyzed the rotatory strength of various
absorption bands based on the relative orientation of the
transition electric and magnetic dipole moments.41−43 In this
work, we extend these analyses to the specific rotation of
standard and functionalized helicenes through the S̃k method.
We aim to understand how [α]ω changes with length and pitch
of the helical backbone, and with the introduction of electron-
withdrawing or electron-donating groups, which may lead to
guidelines for the development of compounds with desired
electronic responses. The S̃k analysis reveals that the [α]ω
magnitude is driven by the delocalized motion of the electron
along the entire backbone of the helicene, resulting in strong
magnetic dipole contributions. Functionalization directs the
orbital density toward or away from the substituent groups,
affecting [α]ω based on the electron push/pull strength and on
the degree of orbital overlap between the groups.
Because [α]ω is invariant to unitary transformations within

the occupied and virtual molecular orbital (MO) subspaces, we
also explore the use of localized MOs (LMOs) [with the
Boys44,45 and Pipek−Mezey46 (PM) approaches] for the S̃k
decomposition of the specific rotation. We find that LMOs
may provide a more chemically intuitive picture than canonical
MOs (CMOs); however, they are best employed when the
molecule possesses small, localized chromophores.
This work is organized as follows: Section 2 reviews the S̃k

method and the derivation of LMOs, Section 3 describes the
computational protocol, Section 4 presents the results of the
calculations, and Section 5 contains a discussion of these
results and concluding remarks.

2. THEORY
From Rosenfeld’s derivation, the specific rotation [α]ω can be
expressed using a sum-over-states (SOS) formula as

∑α ω ω ω ω[ ] = − − +
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where Nex is the number of excited states, ωn is the transition
energy to the nth excited state, ω is the frequency of the
incident light, M is the molecular mass, and Cω is a
proportionality constant to obtain the common units of deg
[dm (g/mL)]−1.47 The rotatory strength Rn is related to the
differential absorption of left and right circularly polarized light
measured in circular dichroism spectroscopy
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where μi and mi are the ith component of the electric and
magnetic dipole operators, respectively, and Ψn is the nth
excited state. Note that Rn is the dot product of the two
transition dipoles. If the energy denominator was to be
included into the definition of Rn, eq 1 may be written in a
more compact form
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Equations 1−3 apply only in nonresonant conditions (i.e., ω
far from ωn), as is the case in this work.
The SOS equations are of little practical use because of the

large number of excited states needed to converge the series in

eq 3.48 A more computationally efficient approach to calculate
[α]ω is based on the linear response formalism.12,17 In the case
of single reference methods such as Hartree−Fock (HF) or
Kohn−Sham DFT (KS DFT), [α]ω becomes
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where k runs over singly excited Slater determinants ϕk. The
⟨ϕk|Xmi

+|0⟩ matrix element represents the electron density
perturbed by the magnetic dipole, and it is evaluated by solving
the coupled-perturbed (CP) HF or KS equations
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In order to interpret the specific rotation in terms of MO
contributions, we may define a quantity similar to R̃n in the
configuration space of the Slater determinants by switching the
order of the sums in eq 4
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so that eq 4 can be rewritten as a sum of S̃k rotatory strengths
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Because S̃k is also written as a dot product between two
vectors, its magnitude and sign depend on the magnitude of
the vectors and the angle θ between them. The advantage of
the linear response formalism over the SOS formula is that the
Slater determinant contributions to [α]ω (and thus the S̃k
values) can be computed all at once by solving the linear
system of equations in eq 5.
In Section 4, we proceed to analyze the origin of [α]ω of

each molecule by the components of the S̃k dot product as well
as the involved occupied and virtual MOs with eqs 6 and 7.
One can focus on the largest S̃k contributions to the specific
rotation to obtain a qualitative understanding of how
individual orbital transitions affect this property, which may
provide key insights on the structure−property relations in
chiroptical spectroscopy. For clarity of discussion, in the rest of
the paper, we refer to “S̃k contributions” to [α]ω even if the
values reported are actually S̃k + S̃k* as in eq 7 and we use
“magnetic dipole” contributions when discussing the ⟨ϕk|Xmi

+ |0⟩
matrix elements in eq 6.
The Rosenfeld tensor and [α]ω are invariant under unitary

transformations within the occupied MO and virtual MO
subspaces, respectively. Therefore, it may be convenient to
express S̃k using different choices of MO basis, beyond that of
CMOs, as different bases may provide a smaller number of S̃k
contributions to [α]ω, or a more chemically intuitive picture.
LMOs are often utilized for this purpose. Therefore, we
consider two popular choices of LMOs: Boys44,45 and PM.46

The former are obtained by maximizing the distance between
orbital centroids
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where NMO is the number of MOs in the subspace. The PM
localization is based on the definition of a localization
parameter di, which counts how many atoms are spanned by
the ith MO
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where Nat is the number of atoms in the molecule and QA
i is the

Mulliken population of orbital i on atom A. From di, one can
define a mean delocalization of all MOs in the subspace
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and the LMOs are obtained by minimization of D. Both
localization techniques scale as O(N3), where N is the atomic
basis set size, as they require the evaluation of electric dipole
integrals. Thus, the computational cost of the MO localization
is small compared to the solution of the self-consistent field
(SCF) and CP equations.

3. COMPUTATIONAL DETAILS
All calculations were performed with a development version of
the GAUSSIAN suite of programs.49 Geometries were
optimized using the CAM-B3LYP/aug-cc-pVDZ model
chemistry with D3 dispersion corrections.50,51 Calculations of
specific rotation were performed at the sodium-D line (ω =
589.3 nm) with the B3LYP52−54/p-3-21G level of theory in the
length gauge formalism using gauge-including atomic orbi-
tals.16,55,56 The p-3-21G basis set is built by augmenting the
standard 3-21G basis set with p-type diffuse functions from the
standard aug-cc-pVDZ basis set. This unorthodox choice is
based on the previous work that showed how diffuse functions
are the most important to obtain a good description of [α]D.

57

In the context of this study, using a reduced basis set is critical
as this allows to reduce the number of S̃k contributions and to
simplify the qualitative decomposition and analysis of [α]D in
terms of orbital transitions. Nevertheless, all [α]D values
computed with p-3-21G are in reasonable agreement with
those obtained with the full aug-cc-pVDZ basis set (with errors
on the order of 9−18%), thus justifying the use of this smaller
set.

4. RESULTS
4.1. Localized Orbitals. As discussed in Section 2, the

Rosenfeld tensor (and thus [α]ω) can be decomposed in
different MO bases, related by unitary transformations within
the occupied MO or the virtual MO subspaces. Thus, we
consider transformations of both the occupied and virtual MO
subspaces, as well as transformation of only the occupied MO
subspace, as this may be enough for the qualitative
interpretation of the [α]D tensor with the S̃k analysis. In
summary, we obtain the [α]ω tensor and the corresponding S̃k
values for five choices of MO basis: CMOs, Boys-localized
occupied MOs (BO-LMOs), Boys-localized occupied and
virtual MOs (BOV-LMOs), PM-localized occupied MOs
(PMO-LMOs), and PM-localized occupied and virtual MOs
(PMOV-LMOs). Given that the computational cost of the MO
localization and of the tensor transformation is virtually
negligible compared to the solution of the SCF and linear
response equations, we evaluate [α]D and S̃k with all five MO

options for every calculation and choose the most appropriate
for a specific system on-the-fly.
The first test case is (1S,4S)-norbornenone because this

molecule has a very large [α]D, and previous studies have
shown that it is dominated by a small number of electronic
transitions.18,23,58 In Figure 1, we report the cumulative
contribution of the S̃k transitions to the total [α]D, separated
according to their magnitude.

The CMO basis provides the most compact representation
of [α]D, in the sense that a single transition is dominant, and it
determines the sign. More transitions are necessary to reach
the converged value of the rotation (e.g., 8 transitions are
necessary to be within 50% of the converged value, and about
60 transitions to be within the 10% margin), but a single
transition is enough for a qualitative discussion. The isodensity
plots and corresponding vector representation of the electric
and magnetic dipoles for this transition are reported in Figure
S1 of the Supporting Information. Because the interpretation
of this transition was already presented in our previous work,23

we do not further discuss it here. In terms of LMO bases, the
PMOV-LMO choice also provides a fairly compact represen-
tation of the specific rotation, as only three transitions are
sufficient to be within 30% of the converged value (see Figure
1). The isodensity plots for the four LMOs involved in the
transitions and the electric and magnetic dipoles are shown in
Figure 2. Unless explicitly noted, the electric and magnetic
dipoles shown in this and in the following figures are unscaled.
As expected, the transitions involve orbitals localized on the

carbonyl and alkene groups. All S̃k values have the same sign, as
the angle between the vectors is <90°. Transitions (1) and (3)
indicate a charge transfer from the carbonyl to the alkene
group and vice versa, with a rotation of the orbital density
along the carbonyl group; transition (2) is of π → π* nature,
and it would have no contribution to [α]D in a symmetric
alkene group (e.g., ethylene) where the two vectors would be
perfectly orthogonal to each other, but it presents a non-
negligible S̃k value in this case because of the geometrical
distortion introduced by the cage structure. The other choices
of orbital localization do not offer a similarly compact
representation of the tensor, as at least 7−8 transitions need
to be considered at once.
We repeat a similar analysis for [8]helicene, with the S̃k

contributions to [α]D reported in Figure 3. The CMO basis

Figure 1. Plot of the cumulative % S̃k contributions to the total [α]D
for (1S,4S)-norbornenone with various choices of MO basis. The S̃k
contributions are divided according to their magnitude as reported in
the x axis labels, whereas the y axis reports the cumulative percent of
[α]D recovered by summing all S̃k in the current and larger-value
ranges. The numbers on the bars indicate how many transitions fall
within each range.
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provides the most compact representation of the specific
rotation, with 16 transitions necessary to get within 20% of the
converged [α]D value. As described more in detail in the next
section, these orbitals are delocalized over a large part of the
molecule and not all of the 16 S̃k values need to be discussed
individually as they correspond to transitions similar in nature.
On the other hand, none of the LMO bases provides a
compact decomposition of the specific rotation, as at least 76

S̃k values are necessary to reproduce [α]D (with PMO-LMO).
Such large number would make the analysis rather
cumbersome even if the individual MOs are localized. This
result is not completely surprising, as delocalized CMOs can
describe rather complex orbital density motion across the
molecular frame all at once. This complex motion is
fragmented into many contributions using a LMO picture,
resulting in many S̃k values of comparable magnitude that need
to be analyzed explicitly. This trend holds for all of the other
helicene compounds considered in this study, as shown in
Figures S2−S6 in the Supporting Information; thus, we will
continue the discussion only in terms of the CMO results.
Additional plots detailing the S̃k contributions to [α]D in the
CMO basis (divided by S̃k magnitude) for all compounds are
reported in Figures S7−S9 of the Supporting Information.

4.2. Helicenes. Helicenes possess strong optical activity,
leading to large [α]D, which is clearly due to the intrinsically
chiral helical structure of these compounds. However, it is
interesting to understand whether this strong chiral response is
primarily due to the electric or magnetic dipole components or
their relative orientation. At the same time, it is important to
determine how the optical response changes with functional-
ization of these molecules, as this can provide useful insight for
the design of compounds with targeted electronic character-
istics. Thus, we consider unfunctionalized helicenes (in Section
4.2.1) as well as their functionalized equivalent with both
electron-withdrawing: benzothiadiazole (BTD), and electron-
donating groups: two thiol groups (in Sections 4.2.2 and
4.2.3). For the functionalized species, we consider both mono-
and bis-substitution. We compare molecules of similar
molecular mass because [α]D is inversely proportional to this
quantity (see Table S1). Thus, we consider the dithiol group as
equivalent to a phenyl ring unit, and a BTD group as
equivalent to two phenyl ring units. In other words, we
compare the results for [N]helicene (where N is the number of
phenyl units) with those for dithiol[N − 1]helicene, BTD[N −
2]helicene, bis-dithiol[N − 2]helicene, bis-BTD[N − 4]-
helicene, and dithiol-BTD[N − 3]helicene. The structure of
the compounds for N = 6 is shown in Figure 4, and the
calculated [α]D values for all helicenes are shown in Figure 5.
Using the S̃k analysis, we can separate the contributions to

[α]D in two categories: one where the magnetic vector is
aligned with the helical main axis, Type A, and one where it is

Figure 2. Transitions with the largest S̃k values for (1S,4S)-
norbornenone using PMOV-LMOs. Left: Occupied and virtual
LMOs; right: electric (red) and magnetic (blue) transition dipole
moments.

Figure 3. Plot of the cumulative % S̃k contributions to the total [α]D
for [8]helicene with various choices of MO basis. The S̃k
contributions are divided according to their magnitude as reported
in the x axis labels, whereas the y axis reports the cumulative percent
of [α]D recovered by summing all S̃k in the current and larger-value
ranges. The numbers on the bars indicate how many transitions fall
within each range.

Figure 4. Structures of the N = 6 forms of the various helicenes discussed in this work. (a) [6]helicene, (b) BTD[4]helicene, (c) dithiol[5]helicene,
(d) bis-BTD[2]helicene, (e) bis-dithiol[4]helicene, and (f) dithiol-BTD[3]helicene.
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not, Type B; the latter can be further separated in two
subcategories: one where the magnetic vector is orthogonal to
the helical main axis, Type Bs, and one where the magnetic
vector is tilted with respect to the helical main axis (usually by
an angle 0°< ϕ < 90°), Type Ba. The s subscript stands for
symmetric because these transitions are significant in molecules
with the same terminal groups (and the magnetic vector
coincides with the C2 rotational axis), whereas the a subscript
stands for asymmetric because these transitions are significant
for compounds with different terminal groups. The transition
types are shown schematically in Figure 6.

Type A transitions are characterized by orbital density
moving up or down the body of the helix and involve MOs
generally delocalized over several fused rings, which explains
the parallel orientation of the magnetic dipole with the helical
axis. At the same time, the MO centroids also move along the
helix, so that the transition electric dipole moment is tilted
with respect to the helical axis. The angle θ between the two
dipoles is consistently >90°, corresponding to a negative S̃k
value that increases the [α]D magnitude (the two quantities are
related through a minus sign, see eq 7). In this type of
transition, the direction of the orbital density motion (up or
down the helix body) is not important, as the angle between
the electric and magnetic vectors is always obtuse, and the S̃k
sign is consistently negative. Type B transitions can be
interpreted as the combination of two separate rotations of the
orbital density along the two-halves of the helix. Each half-
rotation may be qualitatively described by a local magnetic
vector that is tilted with respect to the main helical axis. In Bs
transitions, where the terminal groups of the helicene are the
same, the tilting angle has the same magnitude for both local

magnetic vectors (i.e., ϕ and π−ϕ), so that the components of
these vectors parallel to the helical axis cancel out, and the
resulting magnetic vector is perpendicular to the helical axis
(see Figure 6b). In Ba transitions, where the terminal groups
are different, the tilting angles of the local magnetic vectors are
different in magnitude so that the cancellation of the
components parallel to the helical axis is not perfect, and the
resulting magnetic vector is also tilted (see Figure 6c). In either
case, the electric vectors tend to be orthogonal to the main
helical axis or have orientations similar to that in the Type A
transitions. The result is that the overall angle θ between the
electric and magnetic dipoles is always acute; thus, the
corresponding S̃k contributions decrease the [α]D magnitude.
However, given that the magnetic vectors are typically smaller
in magnitude compared to those in the Type A transitions
(due to the partial or complete cancellation of the components
parallel to the helical axis in the vector sum of the local
magnetic dipoles), the S̃k values for the Type B transitions are
also smaller in magnitude than those for the Type A
transitions. Hence, Type A transitions dominate the con-
tribution to [α]D, and they determine its sign.
In the following sections, we compare the [α]D values with

the most important S̃k contributions in a single plot for each
class of helicenes. Because [α]D is an intensive property,
whereas the S̃k values are extensive quantities and they are
opposite in sign, see eq 7, the plots report −S̃k/M rather than
just S̃k. Although [α]D and S̃k have different units, the reported
values are proportional through the Cω factor in eq 7; in other
words, the sum of all −S̃k/M terms would provide values
coincident with the [α]D values in the plots. The same figures
also include the decomposition of each S̃k value in terms of the
magnitude of the electric and magnetic dipoles as well as the
cosine of the angle θ between the two vectors. The scope of
these plots is to identify the main S̃k terms according to the
transition type and to understand which element of the dot
product between the transition dipoles is responsible for the
trend of S̃k (and ultimately [α]D) with N. The magnitude of
the electric and magnetic dipoles as well as of −cos θ is scaled
by M1/3 so that their product equals the corresponding −S̃k/M
value. The numerical values associated with these plots are
reported in Tables S2−S8 of the Supporting Information.
Because all relevant transitions fall into one of the three
categories discussed above (Type A, Bs, or Ba), we focus on the
transitions with the largest S̃k value for the detailed discussion
of the calculations on each set of molecules. For the figures
that depict MO isodensity plots, we focus on a representative
member of the set because the MOs look similar across
helicene lengths.

4.2.1. Unfunctionalized Helicenes. [N]Helicenes are the
most basic helicenes. The calculated [α]D at this level of theory
is in good agreement with the experiment, as shown in Figure
S10 in the Supporting Information.42,59,60 Figure 7 reports
plots of [α]D for all unfunctionalized helicenes, including the
main S̃k contributions and their sum, when more than one
transition is important. A good qualitative agreement with the
[α]D trend is obtained with four transitions for [6]helicene
(three Type A and one Type Bs), two transitions for
[7]helicene (one Type A and one Type Bs), and five
transitions for [8]helicene (three Type A and two Type Bs).
An example of Type A and Type Bs transitions is reported in
Figures S11 and S12 of the Supporting Information, which
show the orbital isodensity and vector orientations.

Figure 5. Calculated [α]D (deg [dm (g/mL)]−1) for the helicenes in
this study. Unfunct: [N]helicene; Thiol: dithiol[N − 1]helicene;
BTD: BTD[N − 2]helicene; Bis-Thiol: bis-dithiol[N − 2]helicene;
Bis-BTD: bis-BTD[N − 4]helicene; and Mixed: dithiol-BTD[N −
3]helicene.

Figure 6. Types of transitions that dominate the contribution to [α]D
(a) Type A, (b) Type Bs, and (c) Type Ba. Curved arrows represent
the motion of the orbital density associated with the transition,
whereas straight arrows represent the total magnetic (blue) and
electric (red) dipoles. The black dashed arrows represent local
magnetic moments for half-rotations of the orbital density.
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As mentioned above, Type A transitions increase the
magnitude of [α]D, whereas Type Bs transitions decrease it.
For the larger helicenes (N = 7 and 8), there is one very large
Type A transition that dominates, which corresponds to a
rotation of the orbital density over the entire body of the helix.
The spatial extension of both the occupied and virtual MOs
over the entire molecule is favored by the overlap of the
terminal phenyl rings (see Figure S13 in the Supporting
Information). Such overlap is not possible in the smaller
helicene, so that the Type A S̃k contributions are all relatively
small (2−4 a.u.); nevertheless, there is a considerable number
of such transitions so that their collective contribution to [α]D
overcomes that of the large Type Bs S̃ks. When we analyze the
magnitude of the S̃k values in terms of the components of the
vector dot product, we notice that the Type Bs transitions have

similar values across the helicene set because the magnitude of
the dipole vectors and the angle θ are not significantly
influenced by the helical length. This is reasonable because
increasing the number of phenyl ring units increases the
molecular length only along the main helical axis, but the
vectors involved in the Type Bs transitions do not have any
component along that direction (see Figure 6). On the other
hand, the magnitude of Type A S̃k values is strongly correlated
with the magnitude of the magnetic dipole, which increases
considerably with the helicene length. At the same time, the
electric dipole and the angle θ are not strongly influenced by
the helical length because the latter does not affect the distance
between the orbital centroids (at least for the range of N value
considered in this work). Note that the electric dipoles for
various transitions point in different directions depending on

Figure 7. Detailed decomposition of [α]D for [N]helicenes. (a) [α]D (deg [dm (g/mL)]−1): green triangles; individual −S̃k/M values: circles (Type
A) and diamonds (Type Bs), where colors distinguish transitions of the same type across subfigures; sum of −S̃k/M values: black squares. The other
panels represent the electric dipole magnitude (b), magnetic dipole magnitude (c), and −cos θ (d), where θ is the angle between the dipole vectors,
for each transition, all scaled by M1/3. The transitions presented in (a) recover 103.5, 78.0, and 84.3% of the total [α]D for N = 6−8, respectively.

Figure 8. Detailed decomposition of [α]D for [6]helicene with different pitches. (a) [α]D (deg [dm (g/mL)]−1): green triangles; individual −S̃k/M
values: circles (Type A). The other panels represent the electric dipole magnitude (b), magnetic dipole magnitude (c), and −cos θ (d), where θ is
the angle between the dipole vectors, for each transition, all scaled by M1/3. The three transitions presented in (a) recover 55.6, 85.9, and 103.9% of
the total [α]D for Δpitch = −0.5, 0, and +0.5 Å, respectively.
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the relative position of the MO centroids, but the angle from
the helical axis (and thus the angle θ with the corresponding
magnetic vector) is rather constant.
It is well known that a parameter that determines the

magnitude of [α]D in helicenes is the helical pitch: the larger
the pitch, the larger the [α]D magnitude. We investigate this
trend using [6]helicene, where we perform a constrained
geometry optimization by fixing the distance between two C
centers one full-turn apart at the equilibrium distance, and at
±0.5 Å from equilibrium. The S̃k analysis shows that one
leading Type A transition changes significantly (although the
orbitals involved remain qualitatively of the same nature and
shape), becoming more and more dominant with increasing
pitch (see Figure 8). The S̃k decomposition clearly shows that
its magnitude is mostly influenced by the angle θ between the
electric and magnetic vectors, whose relative changes in
magnitude largely compensate each other. More specifically, it
is the direction of the electric dipole that determines the
change in angle because of the change in position of the MO
centroids, whereas the direction of the magnetic dipole
remains parallel to the helical axis. Thus, the change of [α]D
with the helical pitch is a geometric rather than an electronic
effect.
4.2.2. Monofunctionalized Helicenes. In this section and

the next, we investigate the factors that determine the changes
in [α]D because of functionalization. As mentioned in Section
4.2, we use BTD as a π-electron-withdrawing group and two
thiol units as π-electron-donating groups.
The BTD group increases [α]D compared to the

unfunctionalized helicene analogues, as shown in Figure 5. A
more detailed representation of the results for the BTD[N −
2]helicenes is reported in Figure 9. This figure indicates that
Type A transitions dominate the S̃k contributions to [α]D, and
only one transition is necessary to reproduce the qualitative
trend with N. The magnitude of the electric and magnetic
dipoles is similar to that of [N]helicenes, with the former
decreasing and the latter increasing with increasing N. At the
same time, the angle between the vectors increases with N.
This behavior can be explained by considering the orbitals

involved in Type A transitions explicitly, and an example for
BTD[6]helicene is shown in Figure 10. The presence of the

electron-withdrawing group tends to localize the virtual MO
on the BTD unit, whereas the occupied MO is still delocalized
across the helix, albeit to a lesser degree than in the
unfunctionalized helicene analogue. Overall, the S̃k value for
this transition is similar to that of [6]helicene. However, with
increasing N, the more localized nature of the virtual MO
simultaneously induces: (1) a longer rotation around the helix
body compared to the corresponding [N]helicenes, thus
slightly longer magnetic vectors by a factor of 1.2−1.45; (2)
shorter electric dipole vectors because the orbital centroids get
closer to each other; and (3) larger angles θ, as the electric
dipoles become more aligned with the helical axis while
pointing away from the magnetic vector. At the same time, the
asymmetry in the terminal groups of BTD[N − 2]helicenes
changes the Type Bs transitions into Ba transitions. The latter
have S̃k values that are opposite in sign compared to the Type
A transitions and smaller in magnitude compared to both Type
A and Bs transitions because the angle between the vectors is
closer to 90° (see Figure 6). Taken together, strong Type A
and weak Type Ba contributions result in an overall increase in
the [α]D magnitude of BTD[N − 2]helicene compared to
[N]helicenes by a factor of 1.25−1.3.
Figure 5 shows that [α]D for dithiol[N − 1]helicenes is

reduced by 5−20% compared to that of the [N]helicenes.
Figure 11 indicates that a single Type A transition recovers a

Figure 9. Detailed decomposition of [α]D for BTD[N − 2]helicenes. (a) [α]D (deg [dm (g/mL)]−1): green triangles; individual −S̃k/M values:
circles (Type A), where colors distinguish transitions of the same type across subfigures; sum of S̃k values: black squares. The other panels represent
the electric dipole magnitude (b), magnetic dipole magnitude (c), and −cos θ (d), where θ is the angle between the dipole vectors, for each
transition, all scaled by M1/3. The three transitions presented in (a) recover 67.1, 56.5, and 85.8% of the total [α]D for N = 6−8, respectively.

Figure 10.MOs (a), and electric (red) and magnetic (blue) transition
dipole vectors (b) for a Type A transition of BTD[6]helicene.
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significant portion of the [α]D for each of the three helicenes,
although reproducing the internal trend passing from N = 7−8
requires more than one transition. This is because the Type A
S̃k values are overall smaller for the dithiol set than for the
others; thus, their relative importance compared to smaller S̃k
contributions is decreased. Nevertheless, the examination of a
single Type A transition is sufficient to explain the overall
smaller values of [α]D for the dithiol set compared to the
unfunctionalized helicenes. The trends for the vector
magnitudes and relative angles, also in Figure 11, are similar
to those for BTD[N − 2]helicenes (see Figure 9). The main
difference is that the magnitude of the magnetic dipoles and
the angle θ are smaller with the dithiol groups than with BTD.
The reason for this change can be understood by considering
the orbitals involved in a typical transition, shown in Figure 12.

With dithiol, it is the occupied MO that is now more localized
on the substituent group. However, because dithiol is a weaker
electron-donating group than BTD is an electron-withdrawing
group (compare the atomic charges of the bridging carbons of
BTD, phenyl, and dithiol model systems in Figure S14 of the
Supporting Information),61,62 the localization is not as strong
as in the BTD[N − 2]helicenes. This leads to the smaller
magnetic dipole and angle θ values, and ultimately S̃k and [α]D
values, even if the trends are consistent for both choices of
substituents. Furthermore, as for BTD, Type Ba transitions also
tend to decrease [α]D and their relative importance is larger
because the Type A S̃k values are smaller. Compared to
[N]helicenes, the relative smaller magnitude of the magnetic

dipoles of the dithiol[N − 1]helicenes and the compensating
changes in the electric dipole magnitude and angle θ lead to
overall smaller [α]D values. However, the weak electron-
donating nature of the dithiol group also leads to a smaller
deviation from the [N]helicenes [α]D values compared to
BTD[N − 2]helicenes.

4.2.3. Bis-Functionalized Helicenes. We now consider the
functionalized helicenes with two substituent groups at both
ends of the helix: bis-BTD[N − 4]helicenes, bis-dithiol[N −
2]helicenes, and mixed dithiol-BTD[N − 3]helicenes. The
corresponding [α]D values are plotted in Figure 5. The specific
rotation for the bis-BTD species with for N = 6 and 7 is similar
in magnitude to that of the corresponding mono-BTD species,
but it is larger by 20% for the N = 8 compound. The detailed
component separation for the S̃k values of the bis-BTD[N −
4]helicenes is reported in Figure 13, where it is clear that one
Type A transition dominates. Although for these transitions
the magnetic dipole moment is parallel to the helical axis, they
can also be described as two half-rotations of the orbital
density from the central rings toward the terminal BTD
groups, where the virtual MOs are localized, see Figure 14 for
the N = 8 case. Contrary to regular Type Bs transitions, the
overlap of the virtual MO region in between the BTD units can
be described as a phase change for one of the half-rotations,
which in turn changes the direction of the corresponding local
magnetic dipole moment. Therefore, the components of the
local magnetic dipoles that are parallel to the helical axis add
up, whereas the component orthogonal to that axis cancel out,
resulting in a total magnetic dipole parallel to the helical axis as
in a typical Type A transition. The overlap of the BTD groups
is particularly large for bis-BTD[4]helicenes (i.e., N = 8),
which produces a strong pull for the half rotations, and a
particularly large magnetic dipole moment and related S̃k value.
On the other hand, the resulting magnetic dipole for the N = 6
and 7 species is of the same magnitude of that for the mono-
BTD species, whereas the changes in electric dipole magnitude
and angle θ compensate each other. As a result, [α]D for the
mono and bis-BTD compounds with N = 6 and 7 is similar in
magnitude. Note that for bis-BTD[N − 4]helicenes, there are

Figure 11. Detailed decomposition of [α]D for dithiol[7]helicene. (a) [α]D (deg [dm (g/mL)]−1): green triangles; individual −S̃k/M values: red
circles (Type A). The other panels represent the electric dipole magnitude (b), magnetic dipole magnitude (c), and −cos θ (d), where θ is the
angle between the dipole vectors, for each transition, all scaled by M1/3. The three transitions presented in (a) recover 61.4, 62.8, and 45.0% of the
total [α]D for N = 6−8, respectively.

Figure 12.MOs (a), and electric (red) and magnetic (blue) transition
dipole vectors (b) for a Type A transition of dithiol[7]helicene.
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important contributions from Type Bs transitions, given that
these compounds belong to the same point group as
[N]helicenes, but these contributions are compensated by a
number of smaller Type A S̃k terms (not shown).

Figure 15 reports the detailed data for the largest S̃k
contributions for bis-dithiol[N − 2]helicenes. Also in this
case, one Type A transition dominates. These compounds are
characterized by a [α]D that is reduced further from the dithiol
compounds by 50−70% because of smaller Type A S̃k
contributions. These Type A transitions are similar in nature
to those for the bis-BTD species, as shown in Figure 16 for a
typical case, except that now it is the occupied MO that is
mostly localized at the edges of the helix (i.e., on the dithiol
group), whereas the virtual MO is more localized toward the
central rings. However, the same discussion in terms of the
sum of two half-rotations applies here as well to describe the
contributions to the S̃k value. As for the mono-substituted
helicenes, the dithiol group is a weaker directing group than

Figure 13. Detailed decomposition of [α]D for bis-BTD[N − 4]helicenes. (a) [α]D (deg [dm (g/mL)]−1): green triangles; individual −S̃k/M
values: red circles (Type A). The other panels represent the electric dipole magnitude (b), magnetic dipole magnitude (c), and −cos θ (d), where θ
is the angle between the dipole vectors, for each transition, all scaled by M1/3. The three transitions presented in (a) recover 146.6, 144.7, and
173.5% of the total [α]D for N = 6−8, respectively.

Figure 14.MOs (a), and electric (red) and magnetic (blue) transition
dipole vectors (b) for a Type A transition of bis-BTD[4]helicene.

Figure 15. Detailed decomposition of [α]D for bis-dithiol[N − 2]helicenes. (a) [α]D (deg [dm (g/mL)]−1): green triangles; individual −S̃k/M
values: red circles (Type A). The other panels represent the electric dipole magnitude (b), magnetic dipole magnitude (c), and −cos θ (d), where θ
is the angle between the dipole vectors, for each transition, all scaled by M1/3. The three transitions presented in (a) recover 105.9, 178.6, and
125.4% of the total [α]D for N = 6−8, respectively.
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BTD, so that the resulting magnetic dipole moments are
smaller in magnitude. Although we limited the analysis to the
largest Type A S̃k value, we note that a significant number of
Type A and Bs transitions contribute to [α]D with S̃k values
that are similar in magnitude and opposite in sign, so that they
mostly cancel out.
The [α]D values for the mixed dithiol-BTD[N − 3]helicenes

are very close to those of [N]helicenes (for N = 6, [α]D is
smaller by 13.5%, whereas for N = 7,8, [α]D is smaller by only
1.5%), as reported in Figure 5. The trend of [α]D with N for
the dithiol-BTD compounds is reported in Figure 17 with the
usual main contribution from a Type A transition. Similar to
other cases, the trend in S̃k is determined by the length of the
magnetic dipole, which increases with the length of the helix.
However, the overall magnitude of the magnetic dipole is in
general larger than the equivalent transitions in the
unfunctionalized helicenes. The reason why the final [α]D
values are similar between these two sets of compounds is the
angle θ, which is closer to 90° in the dithiol-BTD set. This is
due to the asymmetry of the substituent groups, which affects
the orbital density rotation around the helix body and results in
a magnetic dipole that is slightly tilted away from the helical
axis. This is an electronic effect rather than a geometrical one.
It can be shown by replacing the dithiol groups in the dithiol-
BTD[5]helicene with a regular fused phenyl unit and
reoptimizing the geometry of the new C and H centers
while keeping the rest frozen (in other words, we constructed a
BTD[6]helicene with the same pitch as the original dithiol-

BTD[5]helicene). The magnetic dipoles in the original and
modified structures are close in magnitude, but in the latter,
the dipole is less aligned with the helical axis, thus reducing the
angle θ with the electric dipole, see Figure S15 in the
Supporting Information.

5. DISCUSSION AND CONCLUSIONS
In this work, we present an analysis of [α]ω of helicenes in
terms of S̃k contributions, which allow the decomposition of
this property according to one-electron excitations between
MOs. We show that such analysis can be performed with
different choices of MO representation. For helicenes, CMOs
are the best choice because delocalized π orbitals offer the
most natural and compact decomposition of the specific
rotation. However, LMOs are likely better for molecules with
small functional groups, where LMOs may provide a more
chemically intuitive partitioning of [α]D.
We focus on [N]helicenes with N = 6−8 as well as

analogous functionalized species, where electron-withdrawing
and donating groups direct the movement of the electron
density and therefore affect [α]D. The scope is to determine
how the rotation changes with N and with the functionaliza-
tion groups. We find that the major contributions to [α]D
come from three types of transitions, categorized depending on
the orientation of the magnetic dipole term: parallel to the
helical axis (Type A), orthogonal to the helical axis (Type Bs),
and tilted (Type Ba) (see Figure 6). Type A contributions are
the strongest and determine the sign of the rotation. Type B
transitions are progressively weaker and have the opposite sign,
thus reducing the magnitude of [α]D. In particular, Type Bs
transitions are present in symmetric compounds (i.e., those
with the same terminal groups and C2 symmetry), whereas
Type Ba transitions occur in asymmetric compounds (i.e.,
those with different terminal groups).
Type A transitions are mostly characterized by movement of

the electron along the entire body of the helix, thus generating
a large magnetic response along the helical axis. The magnitude
of these transitions increases with N because the electron can

Figure 16.MOs (a), and electric (red) and magnetic (blue) transition
dipole vectors (b) for a Type A transition of bis-dithiol[6]helicene.

Figure 17. Detailed decomposition of [α]D for dithiol-BTD[N − 3]helicenes. (a) [α]D (deg [dm (g/mL)]−1): green triangles; individual −S̃k/M
values: red circles (Type A). The other panels represent the electric dipole magnitude (b), magnetic dipole magnitude (c), and −cos θ (d), where θ
is the angle between the dipole vectors, for each transition, all scaled by M1/3. The three transitions presented in (a) recover 84.6, 80.0, and 85.6%
of the total [α]D for N = 6−8, respectively.
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move further, and their S̃k values are strongly dominated by the
magnitude of the magnetic dipole. Terminal substituents affect
this type of transition by a tendency to localize the occupied or
virtual MOs on the group. For strong groups (BTD), this
increases the extent of the motion along the body of the helix
compared to the unfunctionalized helicene analogues, thus
increasing the magnitude of the magnetic dipole and the
corresponding S̃k value. In turn, this results in an overall
increase of the specific rotation. For weaker groups (dithiol),
the partial localization reduces the extent of the motion along
the body of the helix, thus resulting in smaller [α]D. Bis-
functionalization induces Type A transitions with large S̃k
values that may be described by simultaneous half-rotations
of the electron from the terminal groups to the central rings,
and vice-versa. In these half-rotations, the local magnetic
dipoles sum constructively (thanks to a phase change in one of
the MOs). The resulting S̃k values may be smaller, similar, or
larger than those of the corresponding unfunctionalized
helicenes depending on the strength of the terminal groups
and the degree of overlap between these groups. Specifically,
bis-dithiol substitution leads to smaller [α]D than the
[N]helicenes analogues (see Figure 15); bis-BTD substitution
leads to similar values of [α]D for N = 6, 7 and larger values of
[α]D for N = 8 (due to the overlap between the terminal BTD
moieties) (see Figure 13). Interestingly, a mixed substitution
leads to [α]D values similar to the [N]helicenes analogues, see
Figure 17, because the magnetic dipoles of the large S̃k terms,
although larger than that in the unfunctionalized compounds,
are tilted away from the helical axis because of the asymmetry
of the terminal groups. The analysis of Type A transitions also
allows us to show that the helical pitch effect on [α]D is
geometrical rather than electronic, as the magnitude of the
electric and magnetic dipole vectors is mostly unchanged, but
the angle between the two increases with the pitch (see Figure
8). Type B transitions can be described as two simultaneous
half-rotations of the electron along the body of the helix,
without phase change of the MOs. This results in complete
(Bs) or partial (Ba) cancellation of the magnetic dipole
component along the helical axis, which leaves the component
perpendicular to the axis dominating. Therefore, these
transitions correspond to smaller S̃k values than those of
Type A. Additionally, the S̃k values of Type B transitions are
not strongly dependent on N because the length of the helix
only affects the contributions that are parallel to the helical
axis.
It appears from this analysis that functionalization of the

helicenes influences [α]D in a complex manner, where the
strength of the substituent groups and the length of the helix
may lead to cooperative or competitive effects. At the same
time, the S̃k analysis affords a relatively simple interpretation of
these effects in terms of one-electron MO transitions. These
studies may therefore lead to guidelines for the design of
compounds with desired chiroptical responses.
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